In certain stereotyped lineages of Caenorhabditis elegans, the mec-3 gene is transcribed in neurons that are anterior daughters of cells containing the UNC-86 protein. UNC-86 binds to the mec-3 promoter and is necessary for transcription activation, but this protein is present in many cells that do not transcribe mec-3, including the posterior sister and parent cells of the mec-3-expressing neurons. To understand how the mec-3 promoter directs transcription in only a subset of cells that contain UNC-86, we have compared sequences within the promoter that are bound by UNC-86 in vitro with sequences that are necessary for early transcription of mec-3 in vivo. We find that upstream of the mec-3 start codon are two blocks of sequence that are each sufficient to generate the cellular pattern of mec-3 transcription. The proximal sequence includes three previously identified short regions that have been conserved in nematode evolution and each contains one high-affinity UNC-86 binding site. The recognition consensus sequence for UNC-86 is CATnnn T/ AAAT, which is identical to the recognition sequence for the UNC-86-related mammalian transcription factor Brn-3. Adjacent to the UNC-86 recognition site is an additional sequence that is important for establishment of mec-3 expression and is presumably recognized by an unidentified transcription factor.
Introduction
The mec-3 gene encodes a transcription factor that is expressed in ten mechanosensory neurons and controls their identities in Caenorhabditis elegans (ChaIfie and Sulston, 1981; Chalfie, 1988, 1989) . Previous work has defined two modes of mec-3 expression. The initial establishment of mec-3 synthesis takes place when the mec-3 cells arise, and is independent of mec-3 but requires the unc-86 gene. For the remainder of development, the maintenance of mec-3 expression requires mec-3 itself, and also appears to require the unc-86 product. mec-3 is never expressed in unc-86 mutants (Way and Chalfie, 1989; Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 Wang and Way, 1996) .
Each mec-3-expressing cell is produced upon asymmetric cell division, and is an anterior daughter or granddaughter of a cell that contains the UNC-86 protein. The posterior sisters do not express mec-3 and become interneurons or undergo programmed cell death (Sulston and Horvitz, 1977; Sulston et ai" 1983; Chalfie, 1988, 1989; Chalfie and Au, 1989) , The entire pattern of mec-3 expression can be explained by this 'UNC-86/anterior daughter' rule. In addition, the expression pattern of mec-3 can be explained entirely by the activity of its promoter; segregation of the mec-3 RNA or protein products need not be invoked (Wang and Way, 1996) .
For an intrinsically asymmetric cell division to occur, some key regulatory factor must be asymmetrically distributed into one daughter cell. UNC-86 protein is synthesized in the parent cell, then distributed into both the anterior and posterior daughters after cell division, and is essential for both fates (Chalfie et aI., 1981; Finney and Ruvkun, 1990) . Thus, UNC-86 protein does not appear to be segregated. Similarly, the mec-3 protein does not appear to be segregated, since the mec-3 promoter can generate the mec-3 expression pattern, and in at least some lineages, the promoter is only activated after the final cell division (Wang and Way, 1996) .
The behavior of mec-3 and unc-86 products is in con-trast to the Drosophila transcription factor Prospero and the associated novel protein Numb. Prospero contains a homeodomain and is required for proper gene expression in ganglion mother cells (Doe et aI., 1991; Vaessin et aI., 1991) , and Numb is probably also important in determination of these cells (Rhyu et aI., 1994) . Before a neuroblast divides, both Numb and Prospero are localized to the membrane on the side of the cell from which the ganglion mother cell will emerge. When the cell divides, essentially all of these proteins are inherited by the ganglion mother cell (Hirata et aI., 1995; Knoblich et aI., 1995) . The Prospero protein then translocates into the nucleus, where it controls the fate of the ganglion mother cell.
Upstream of the mec-3 start codon are four sequence blocks of 24-70 bp that have been conserved during evolution and may therefore be regulatory sequences. UNC-86 binding sites have been found within the 350 bp upstream of the mec-3 start codon (Way et aI., 1991; Xue et aI., 1992) . Xue et aI. (1992) suggested the consensus binding motif for UNC-86 to be AAATICAT, based on alignment of the UNC-86 footprint sequences and on binding sites for POU transcription factors Pit-I, Oct-l and Oct-2.
UNC-86 is a neuron-specific class IV POU domain transcription factor that is most similar to Brn-3; these proteins may be true homologues (Finney et aI., 1988; He et aI., 1989; Ruvkun and Finney, 1991; Verrijzer and Van der Viet, 1993; Wegner et aI., 1993) . UNC-86 is 86% identical to Brn-3 in the POU-specific (POU s ) domain, and 80% in the homeodomain (POU HO ) (Fig. 1 ). Helix-3 of the POUs domain and helix-3 of POU HO domain, which make mUltiple base contacts in the major groove of the DNA and are often termed the DNA recognition helices, are 100% identical between UNC-86 and Brn-3. Brn-3 protein preferentially recognizes a bipartite DNA sequence, CATnnnT/AAAT, in which the POUs domain selectively contacts the CAT core motif and the POU HO contacts T/AAAT (Gerrero et aI., 1993; Li et aI., 1993) . Unlike other brain-specific POU proteins, the POU-IV class only tolerates a spacing of three nucleotides between core motifs (Li et aI., 1993) . The CAT core motif for the POUs domain is in the opposite orientation of that for Oct-l/Oct-2, and Pit-l (ATGCAAAT and ATGAATAT, respectively; Staudt et aI., 1986; Ingraham et aI., 1988 Ingraham et aI., , 1990 Verrijzer et aI., 1992) . Sequences similar or identical to CA Tnnn T / AAA T are found several times within the conserved regions of the mec-3 promoter.
It is unknown whether unc-86 is the only transcription factor that generates the correct mec-3 expression pattern. Neither MEC-3 nor UNC-86 behaves like Prospero; i.e. neither is asymmetrically segregated. In addition, Prospero is expressed during many different types of lineages. The expression pattern of Prospero suggests that it may be an 'Asymmetric Division Transcription Factor.' If a similar 'Anterior Daughter Transcription Factor' existed in C. elegans, it could cooperate with UNC-86 to establish mec-3 expression (Way et aI., 1994) . One prediction of the 'Anterior Daughter Transcription Factor' model is that the mec-3 promoter will contain sequences necessary for establishment that lie outside the UNC-86 binding site.
Results

Experimental strategy
To study the establishment phase expression of mec-3, we examined expression of mec-3-lacZ fusions in which deletions and mutations are introduced in the mec-3 promoter. lacZ activity was measured in a strain with a mec-3(u6) amber mutation (Xue et aI., 1993) , which presumably abolishes mec-3 activity and the maintenance mode of mec-3 expression. Six of the ten mec-3-expressing cells arise during embryonic development, and the establishment phase of mec-3 expression in these cells is largely over by the time the animal hatches and these cells can be easily identified (Sulston et aI., 1983) . We therefore examined the A VM and PVM neurons, which arise in Ll larvae, and the PVD neurons, which arise in L2 larvae (Sulston and Horvitz, 1977) . We also wished to test whether any mutations caused expression of mec-3-lacZ in the sisters of mec-3-expressing cells. In order to examine the sister of the PVD cell, which undergoes programmed cell death, the ced-3(u717) mutation was also used (Ellis and Horvitz, 1986) .
The ultimate goal is to identify binding sites for transcription factors that regulate mec-3. To this end, we first identified two general regions in the mec-3 promoter that are each sufficient for mec-3 establishment. We then examined one region in detail, making site-direct mutations in blocks of a few base pairs, and testing each mutant for
Comparison of the POVS domain and POVHO of Bm-3 and VNC-86. These proteins are the first two identified class IV POV proteins (Finney et aI., 1988; He et aI., 1989; Rosenfeld, 1991) . The third alpha helices in the POVS domain and also in the homeodomain are responsible for binding to the major groove of DNA and determining sequence specificity (Assa-Munt et aI., Kissinger et aI., 1990; Wolberger et aI., 1991) . Slashes (1) indicate the spacers between the POV-specific and homeodomains, which are 17 amino acids long for Bm-3 and 20 amino acids for VNC-86 (Rosenfeld, 1991 Fig. 2 ; Way et aI., 1991; Xue et aI., 1992) . Deletion and mutation studies, as well as in vitro DNA binding assays, have revealed several UNC-86 and MEC-3 binding sites within these conserved regions, suggesting they are important for mec-3 expression (Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 . The function of the distal upstream sequences has not been well studied, since a mec-3 DNA fragment that has only 528 bp upstream of the start codon can rescue the mec-3 mutant phenotype (pTU25; Way and Chalfie, 1989) .
Two pieces of evidence suggest that more upstream regions also play a role in mec-3 expression. First, p~-2235/-147 and p~-528/-147, mec-3-lacZ fusions lacking the proximal conserved sequences that include all A. I the known UNC-86 and MEC-3 binding sites, still show lacZ activity specifically in the correct mec-3-expressing cells ( Fig. 2 and Table 1 ). Second, p~-3352/-528 and p~-3352/-2021, fusions that only contain the proximal conserved regions, have much lower mec-3-independent expression levels than the full length promoter (Fig. 2 and Table 1 ). A deletion that covers both the distal and part of the proximal promoter sequences fails to mediate mec-3 establishment or maintenance (p~-3152/-211, Fig. 2 and Table 1 ; pRl+2-Z, Way et aI., 1991) . Constructs with only the proximal region show mec-3-dependent expression in all mec-3 cells, and some mec-3-independent expression in PVD cells, but very little mec-3-independent expression in A VM and PVM cells. The A VM and PVM neurons are smaller than the other mec-3-expressing cells and are stained with X-gal less frequently, presumably because the level of beta-galactosidase in these cells is near the threshold of detectability (White et aI., 1986; Table 1, Way and Chalfie, 1989) . It seems likely that the near-absence of detectable mec-3-lacZ expression in these cells is due to a general decrease of promoter activity, and not a cell-specific effect.
None of the deletions caused expression in the sisters of the PVD cells, or in other cell types, except for rare artifactual expression as previously noted (Way and Chalfie, 1989) , or in the sisters of mec-3-expressing cells in Type II lineages, which is most likely due to high lev- Fig. 2 . Location of the distal and the proximal promoter sequences of mec-3, and organization of proximal promoter sequences. (A) Summary of deletions and their effects on the expression of mec-3-lacZ. The effects of deletions on mec-3 maintenance and establishment were tested by X-gal staining in wild type and in mec-3 (u6) ced-3 mutant backgrounds, respectively (see Table I ). The 'wild-type' construct is pTU28 (Way and Chalfie, 1988) , which contains 3352 bp of upstream non-coding sequences. lacZ is fused in frame into the seventh ex on of mec-3, within its homeodomain (Way and Chalfie, 1989) . The 5' non-coding sequence includes two elements with promoter/enhancer activity: proximal sequences including known con ~rved Regions I-IV, which are shown by black boxes (Way et aI., 1991; Xue et aI., 1992) , and the distal promoter sequences shown in gray. The precise endpoints of the distal sequences are not known. els of beta-galactosidase expression due to copy number variations in injected DNAs and not due to a specific repression defect (Wang and Way, 1996) . Thus, a previously unidentified distal promoter region is sufficient to establish mec-3 expression and necessary for full levels of mec-3-independent expression. The proximal promoter region is important for maintenance of mec-3 expression, and can mediate establishment transcription at a detectable level. Our deletion analysis indicates that the functional distal promoter region lies at least partially within base pairs -3152 to -2235 (Fig. 2) . Two sequences that could be UNC-86 binding sites (see below) are in this region: CATAAATAAA (-2294 to -2285) and CATTGGAAAT (-2584 to -2575) ; the latter is found on the antisense strand. It is conceivable that Table I The function of the distal and proximal promoter sequences of mec-3 additional mec-3 regulatory sequences might lie upstream of -3352; such sequences have not been examined in any lacZ fusions.
Characterization of UNC-86 recognition elements in vitro
The proximal region of the mec-3 promoter can mediate mec-3-independent expression in the mec-3-expressing PVD cell but not its posterior sister. Since this proximal part of the mec-3 promoter is the best characterized, we sought to compare UNC-86 recognition sites and sequences necessary for mec-3 establishment. To investigate the UNC-86 recognition sites within the proximal region, we used oligonucleotides corresponding to the mec-3-lacZ fusion constructs carrying deletions were introduced into wild-type and mec-3(u6) ced-3(n717) mutant animals. and tested for their effects on maintenance and establishment of mec-3-lacZ expression by X-gal staining, respectively (for constructs, see Setion 4 and Fig. 2 ). Establishment is measured by lacZ expression in A VM and PVM neurons in L1 larvae and PVD neurons in L2 larvae. Maintenance is measured by lacZ expression in all mec-3-expressing cells in mec-3( +) animals at all stages. Expression level was scored by the percentage of cells stained among all stained animals. PVD neurons are not present in L1 animals (-). The FLP neurons were not scored, since extra mec-3-expressing cells near FLP are sometimes seen even in wild-type animals (Way and Chalfie, 1989) . mec-3(-) animals also carry the ced-3(n717) mutation, which allows the PVD posterior sister to survive. Staining of the PVD posterior sister was not observed. Cells examined is the number of examined cells of each type, with A VM and PVM regarded as one cell type.
conserved regions in the mec-3 promoter, with or without mutations, to perform mobility shift assays (Figs. 3-5, summarized in Fig. 6 ). UNC-86 protein was expressed in E. coli from an overproducing plasmid, isolated from inclusion bodies, and renatured by dialysis from guanidine hydrochloride (see Section 4). As possible targets for UNC-86 binding, we examined the first 29 bp of Region I, and all of Region II and Region III. Synthetic oligonucleotides corresponding to 29-30 bp full-length sequences, or to 15 bp subsequences corresponding to the 5' and 3' halves of these regions, were used. (FI, F2, F3 are full length oligonucleotides for Regions I, II, and III; Ll, L2, L3, Rl, R2, and R3 are oligonucleotides for the left and right halves of these Regions). Region IV and the 3' portions of Region I were not used for the following reasons. The first 29 bp of Region I contain a sequence that is repeated within Region II, appears to be a POU consensus target site, is much more strongly conserved among Caenorhabditis species From this experiment, the Kd was estimated to be about 4 x 10-9 M.
All Kd measurements reported in Fig. 6 were determined in this manner.
than the rest of Region I, and contains an UNC-86 footprint site (Way et al., 1991; Xue et aI., 1992) . Moreover, these first 29 bp, present in one copy, can cooperate with a heat shock element to cause transcription specifically within mec-3-expressing cells in heat-shocked animals; the activity of the first 29 bp in this assay is identical to that of all of Region I (Way et aI., 1991; Wang and Way, 1996 , and unpublished observations). Region IV has no sequence corresponding to a POU consensus target and the longest mec-3 cDNAs begin at the downstream edge of Region IV, suggesting that this sequence may function as part of the mec-3 transcript or as a binding site for basal transcription factors, rather than being part of the mec-3 pattern-generating elements (Way et aI., 1991; Xue et al., 1992) . In addition, a mec-3-heat shock hybrid promoter containing Regions I, II, and III but not Region IV mediates transcription in anterior daughters of UNC-86-containing cells (Wang and Way, 1996) .
The affinity of UNC-86 binding to each oligonucleotide is stated as the dissociation constant (K d ), which is the UNC-86 concentration at which radio-labeled oligonucleotide is half bound and half unbound (Fig. 3) . The Kd values for the wild-type oligonucleotides were all about 10-9 M for Regions I, II and III, respectively (Figs. 3 and 6). These KdS are similar to that of other POU proteins, and represents much tighter binding than seen with only a homeodomain or a POU-specific domain (Verrijzer et aI., 1993; Li et aI., 1990) . This result suggests that both the POU-specific domain and the homeodomain of UNC-86 are being renatured successfully.
When UNC-86 was incubated with 15 bp oligonucleotides corresponding to the 5' and 3' halves of each sequence, strong binding was seen to the 5' halves of Region I and Region II, and the 3' half of Region III (Ll, L2, and R3 in Fig. 6 ). Oligonucleotides corresponding to the other halves of each Region were bound very poorly by UNC-86.
UNC-86 binding as a monomer or dimer
When oligonucleotides corresponding to the first 29 bp of Region I (oligonucleotide Fl), the entire Region II (F2), and entire Region III (F3), were used to do mobility shift assays, two retarded bands were seen with Fl and F2 (Fig. 5) . With oligonucleotide F3, the slower-migrating band was much weaker than for Fl or F2 at the same protein concentration. The two bands most likely represent the binding of one or two molecules of UNC-86 (Xue et aI., 1993) . The putative UNC-86 2 band only appeared at higher UNC-86 concentrations (for Fl and F2, 5 X 10-9 M; for F3, 2.5 X 10-8 M; Fig. 5 , and data not shown), and this species did not predominate even at fivefold higher protein concentrations. The results suggest a Kd in the range of 10-7 or greater for the binding of a second UNC-86 molecule to Region I and Region II oligonucleotides (Fig. 5) . , which correspond to conserved Regions I and II in mec-3 promoter. Labeled oligonucleotides were incubated with I x 10-9 M, 5 X 10-9 M, and 2.5 x 10-8 M increments of UNC-86 protein and assayed by gel mobility shift (see Fig. 6 for the sequences of the oligonucleotides).
R3 is too small for two UNC-86 proteins to bind in the major groove as this protein is thought to do, it is likely that the supershifted species represents a non-standard bound state. Xue et al. (1993) found that a complex containing two UNC-86 molecules bound to an oligonucleotide had an extremely short half-life, while the species with only one UNC-86 protein was much more stable.
Effects of mutations in Regions I, II and III on UNC-86 binding in vitro
Mutations consisting of blocks of adjacent base-pair substitutions were introduced into the above oligonucleotides and examined for UNC-86 binding. (Mutations are named according to the convention of Xue et ai. (1992) : a prefix 'u' for mutations in presumptive UNC-86 binding sites, 'm' for MEC-3 sites, 's' for second factor binding sites, and 'n' for non-binding sites.) For some mutant oligonucleotides, the Kd was determined (Figs. 3 and 6) , while for others a qualitative estimate of binding was made (Figs. 4 and 5) . Several conclusions can be drawn from these data (summarized in Fig. 6 ).
The identification of the 5' side of Regions I and II and the 3' side of Region III as strong UNC-86 binding sites is supported: only mutations in these areas can have a strong effect on UNC-86 binding. Specifically, mutant oligonucleotides show reduced or undetectable UNC-86 binding. The corresponding smaller mutant oligonucleotides Ll-uI2, L2-u13 and R3-u15 were also poorly bound by UNC-86. Within Region II, mutation u14 in the apparent UNC-86 binding site had no effect within the full-length oligonucleotide (F2-uI4; Fig. 6 ) but had a strong effect on the 15 bp oligonucleotide containing the UNC-86 site (Figs. 4 and 6) . We have no direct explanation for this result, although it is possible that within the full-length oligonucleotide, the mutations allow UNC-86 to bind in a distinct manner. It may be that the determinants of an UNC-86 binding site are rather loose: for example, it appears that a fortuitous UNC-86 binding site was created by mutation s12 (compare UNC-86 binding to Rl and Rl-sl2 in Figs. 4  and 6) . Nonetheless, the results suggest that UNC-86 normally binds to the left side of Region II and the normal binding mode is disrupted by mutations u13 and u14. None of the mutations outside of the predicted UNC-86 binding sites (s12, n12, mIl, and m13) block UNC-86 binding.
Binding of a second UNC-86 molecule to oligonucleotide F1 appears to depend on the presence of the first UNC-86 at the strong binding site; i.e., binding of UNC-86 is cooperative. Mutation u12 in oligonucleotide F1 blocks binding of UNC-86 to the left side of this sequence, and also blocks UNC-86 binding to any other site, as no binding at all is seen. Some mutations in the right side of Regions I and II affect only the binding of a second UNC-86 protein (F1-s12, F1-n12, and F2-m11 in Fig. 6 ).
The sequences recognized by UNC-86 are probably CATnnnT/AAAT, which corresponds to the binding site for Brn-3 identified by Li et ai. (1993) . Complete elimination of the CAT motif (mutation u13; Figs. 4-6) or the T/AAAT motif (mutations u12, u14, and u15; Fig. 6 ) reduced or eliminated UNC-86 binding. Mutation of the second CAT motif (sl1, s13, and s15) had little or no effect on UNC-86 binding, even though this sequence is part of the proposed core motif for UNC-86 binding suggested by Xue et ai. (1992) and is conserved in Regions I, II and III of C. elegans, C. vulgaris, and C. briggsae (Way et aI., 1991; Xue et aI., 1992) .
Certain promoter mutations that reduce UNC-86 binding affinity can affect mec-3 expression
To identify functionally important sequences, we introduced the above mutations into a mec-3-lacZ fusion by site-directed mutagenesis, and tested the establishment and maintenance expression level of mec-3-lacZ. pL\-3352/-528, a minimal functional construct without the distal upstream promoter sequences, was used as a 'wildtype' parental plasmid (Table 2 ). Establishment was evaluated by the level of beta-galactosidase in PVD neurons in a mec-3(u6) and ced-3(n717) double mutant background, in which there is no mec-3-dependent maintenance and the programmed cell death of the posterior sister of PVD is blocked. Maintenance was evaluated from beta-galactosidase levels in the PVD, A VM, PVM, ALM, and PLM cells in wild type animals at different stages of development.
Each mec-3-lacZ fusion was injected into C. elegans, and animals carrying heritable, unstable plasmid arrays were identified (see Section 4). Because there are several sources of variability in expression levels from such arrays, we focus on qualitative distinctions in the following analysis.
UNC-86 binding is blocked by certain mutations, as described above. When mec-3-lacZ fusions with UNC-86 site mutations were introduced into C. elegans, mutations in Region III had a strong effect on expression, mutations in Region II had a significant effect, and mutations in Region I had no detectable effect (Table 2 and Fig. 6) . Specifically, the Region III mutations u15 and u16 abolished expression of mec-3-1acZ. The Region II mutations u13 and u14 both reduce mec-3-1acZ expression levels. The u14 mutation does not completely eliminate UNC-86 binding in vitro, which may be why the in vivo expression levels are not abolished. The Region I mutation u12 has no effect on mec-3-1acZ expression in vivo. It may be that UNC-86 binding to this site is functionally rec'mdant with its action at other sites, or that this site plays a subtle role in mec-3 establishment that cannot be discerned in these crude assays. 
Mutations that do not affect UNC-86 binding in vitro can affect mec-3 establishment
In addition, two other mutations cause a significant defect in mec-3 establishment expression. Mutations sl1 and s13 alter the second CAT sequence found in Region I and Region II, respectively. These mutations have little or no effect on UNC-86 binding in vitro (Figs. 4-6) . However, these mutations substantially reduce or abolish mec-3 establishment expression (Table 2 and Fig. 6 ). These mutations do not eliminate the weak binding of a second UNC-86 molecule to Region I and Region II oligonucleotides. This second CAT sequence, or perhaps some overlapping sequence, is a candidate target site for an additional protein factor that would be important in mec-3 establishment (see Section 3). Mutation s12 in Region I also reduces establishment expression and lies outside the strong UNC-86 binding site. It is worth noting that mutation sl1, like a complete deletion of Region I (Way et aI., 1991) , causes a defect in establishment but is wild-type for maintenance. To obtain these results, we injected the mec-3-lacZ plasmid containing mutation sll into wild-type animals, obtained a line carrying a heritable plasmid array, and then crossed the array into a mec-3(-) ced-3(-) strain background. Thus, data for mutation sll in wild-type and mec-3(-) ced-3(-) backgrounds is based on the same transgenic plasmid array, and not arrays generated by independent injections. The absence of expression in mec-3(-) ced-3(-) is therefore not due to some non-specific defect in the array itself, such as a lack of intact mec-3-lacZ transgenes; the ability of this array to mediate maintenance expression serves as an internal control.
There is no evidence that cooperative binding of a second UNC-86 molecule to Region I or Region II plays a role in mec-3 establishment. The mutations n12 (Region I) and mIl (Region II) block the binding of a second UNC-86 molecule to full-length oligonucleotides, but do not have a strong effect in vivo (Table 2 and Fig. 6 ).
No promoter mutation causes the sister of the PVD neurons to express mec-3
Among all the mutations in the proximal conserved regions of the mec-3 promoter, none cause sisters of PVD neurons to express mec-3-lacZ (Table 2 legend). In a ced-3 mutant background, programmed cell death is blocked (Ellis and Horvitz, 1986) . The 'undead' sister of the PVD neuron has the nuclear morphology of a neuron, and can express mec-3-lacZ in response to increased unc-86 gene dosage (Wang and Way, 1996) . Thus, there is no evidence for a repressor that would be active in posterior sisters of mec-3-expressing cells (see Discussion).
Effects of promoter mutations on maintenance of mec-3 expression
The maintenance mode of mec-3 transcription was examined in mec-3( +) C. elegans (Tables 1 and 2, and Fig.  6 ). The effects of various mutations on mec-3 maintenance are consistent with the previous observations that Region I is important for establishment but not maintenance (Way et aI., 1991) and that binding of UNC-86 to Regions II and III allows MEC-3 to also bind and promote its own transcription (Xue et aI., 1992 (Xue et aI., , 1993 . Specifically, mutations in Region I do not have a strong effect on maintenance (Table 2 and Fig. 6 ). Mutations in the UNC-86 binding sites of Region II and III that reduce establishment transcription also reduce maintenance transcription. In addition, mutation m12, which lies outside the UNC-86 binding site of Region III, may affect maintenance only and may constitute a MEC-3 binding site (Table 2 and Fig. 6 ; Xue et aI., 1992 Xue et aI., , 1993 .
Discussion
A mec-3 promoter sequence that can generate the mec-3 expression pattern
mec-3 is a homeobox-containing gene that is only expressed in ten mechanosensory neurons and controls their cell fates Chalfie, 1988, 1989) . All these cells are generated by asymmetric cell division and are anterior daughters of an unc-86-expressing cell. unc-86 plays a key role in generating the cellular pattern of mec-3 expression: in an unc-86 mutant, mec-3 is not expressed; the ten mec-3-expressing cells are a subset of the 57 cells that contain the UNC-86 protein; and the UNC-86 protein binds to conserved sequences in the mec-3 promoter, mutation of which can cause a loss of mec-3 expression (Chalfie et aI., 1981; Way and Chalfie, 1989; Finney and Ruvkun, 1990; Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 Wang and Way, 1996 ; this work). However, it is unlikely that the UNC-86 protein is the only determinant of the mec-3 expression pattern, because many cells that contain UNC-86 do not express mec-3.
One striking aspect of mec-3 expression is that when an UNC-86-containing cell divides, the UNC-86 protein is distributed into both daughter cells, but only the anterior daughter cell will express mec-3 (Way and Chalfie, Fig. 6 . Effects of mec-3 promoter mutations on UNC-86 binding and mec-3 expression. Est., establishment; Mnt., maintenance; levels are summarized from Table 2 . The mutated base pairs are underlined. F, L, or R stands for full-length, left-half, or right-half of the Region whose number follows, except Fl, which corresponds to the first 29 bp of the 71-bp Region I (Fig. 2) . Mutations are named as in Xue et al. (1992) according to their presumed binding protein: 'u' for UNC-86; 'm' for MEC-3; 's' for the putative second establishment factor; and 'n' for no known factor. Quantitative estimates of Kd were made as in Fig. 3 , and qualitative estimates of UNC-86 binding were made as in Figs. 4 and 5. mec-3-lacZ fusion constructs carrying various mutations were introduced into wild-type and mec-3(u6) ced-3(n717) mutant strains, and tested for their effects on establishment and maintenance expression of mec-3-lacZ by X-gal staining (for mutations, see Fig. 6 ). Establishment and maintenance expression levels were scored as in Table 1 . There were no animals in which the posterior sister of the PVD cell was stained. The A VM, PVM, ALM and PLM cells were also examined in mec-3(-) ced-3(-) animals: for all of the above constructs, 3% or less of these cells were stained in L1 and L2 animals.
1989; Finney and Ruvkun, 1990) . The activity of the mec-3 promoter is sufficient to generate this anterior cellspecific expression; segregation of the mec-3 RNA or protein need not be invoked. Specifically, a small fragment of the mec-3 promoter, in the context of a heterologous TATA element and reporter gene, can cause transcription in anterior daughters of UNC-86-containing cells (Wang and Way, 1996) . Several models could explain how the mec-3 promoter functions: (1) UNC-86 could bind to DNA cooperatively with a second factor that is found only in anterior daughter cells, 2) UNC-86 could be specifically modified in only anterior or posterior daughter cells, or (3) a repressor might turn off mec-3 transcription specifically in posterior daughter cells. To address these ideas, we identified sequences within the mec-3 promoter that mediate UNC-86 binding, and tested whether only these sequences are necessary to generate the mec-3 expression pattern. Three types of results might be anticipated. If there is an additional DNA-binding factor besides UNC-86 that is necessary for establishment of mec-3 expression, mutation of this factor's target site will impair mec-3 expression in vivo, but will not affect UNC-86 binding. If UNC-86 is differentially modified in anterior versus posterior daughter cells, but is the only protein to contact mec-3 DNA during establishment transcription, then all mutations that disrupt establishment will disrupt UNC-86 binding. Finally, if a repressor turns off mec-3 transcription in posterior daughter cells, mutation of the repressor's target site should cause expression of a mec-3-lacZ fusion in the posterior cells.
Deletion analysis of the mec-3 promoter identified two regions that could generate the mec-3 expression pattern. mec-3-lacZ fusions that include either sequences from -3152 to -2235 or sequences downstream from -528 can express lacZ at some level in the normal mec-3-expressing cells, and when both regions are present, expression is stronger (Fig. 2 and Table 1 ). The region downstream from -528 is sufficient to mediate the establishment pattern of mec-3 transcription, i. e., expression in anterior but not posterior daughters of UNC-86-containing cells, and within this downstream region are three blocks of sequence (Regions I, II, and III) that are bound by UNC-86 and are strongly conserved between the Caenorhabditis species C. elegans, C. vulgaris, and C. briggsae (Way et aI., 1991; Xue et aI., 1992 Xue et aI., , 1993 ; this work).
UNC-86 binding sites within the mec-3 promoter
The UNC-86 protein binds strongly to the leftmost portion of Regions I and II, and to the rightmost portion of Region III (Figs. 4 and 6) . The dissociation constants for UNC-86 bound to these sites are about 10-9 for Regions I, II and III, respectively (Figs. 3 and 6) . The UNC-86 binding sites have the consensus CATnnnA/TAA"fG/ccl GAT, in which the first CAT and the A/TAAT motifs appear to be important for UNC-86 binding, and the final CfGAT is not. The identification of these sequences as UNC-86 binding sites fits well with previous work. Xue et al. (1992) showed by footprint analysis that UNC-86 binds to the leftmost portion of Region I and II, and to the general area of Region III. Li et al. (1993) identified CATnnnA/TAAT as the consensus binding site for Brn-3, a human POU-family transcription factor that is closely related to UNC-86.
In gel mobility shift experiments with oligonucleotides corresponding to Regions I or II, a supershifted species was identified that most likely represents the binding of two UNC-86 proteins (Fig. 5) . The second molecule most likely binds 2-11 bases to the right side of the first, as mutations in these bases can block binding of the second UNC-86 protein. Binding of the second UNC-86 protein appears to be cooperative: within the Region I oligonucleotide, a mutation that blocks binding of UNC-86 to the strong site also blocks binding of a second molecule. The binding of the second UNC-86 molecule occurred only at high UNC-86 concentrations that seem unlikely to be physiologically relevant. In addition, a mutation in Region II that prevented the binding of a second UNC-86 protein had no effect on establishment of mec-3 expression (mutation mIl; Table 2 and Fig. 6 ). Besides mec-3-expressing mechanoreceptors, UNC-86 is expressed in many other cells and is necessary for their development and differentiation. It may be that UNC-86 normally efficiently dimerizes when it binds to another promoter, and that the dimerization seen here is artifactual. Alternatively, it may be that, in vivo, supercoiling of DNA or the presence of other proteins might allow binding of a second UNC-86 protein to Regions I and II under physiological conditions.
The UNC-86 binding sites within Regions I and II are almost identical: both have the sequence CATnnGAA-ATGCAT, where all the specified bases are conserved between C. elegans, C. vulgaris, and C. briggsae (Way et aI., 1991; Xue et aI., 1992) . The second CAT sequence is not critical for UNC-86 binding in vitro, but this sequence (or some subsequence or overlapping sequence) is important for establishment of mec-3 expression in vivo . This result suggests that an additional DNA-binding protein besides UNC-86 is important for mec-3 establishment. It is unlikely that the second protein is simply a second UNC-86 molecule, even though CAT is part of the UNC-86 recognition sequence and a second UNC-86 protein can bind to DNA cooperatively with the first. Mutation of the second CAT sequence in Region I has no effect on either the strong binding of the first UNC-86 molecule or the weak binding of the second (Fig. 5) . As argued above, it seems most likely that binding "f a second UNC-86 molecule to Region I or Region II has no in vivo significance, though this possibility cannot be completely ruled out. Fig. 7 . Model for the binding to the mec-3 promoter of UNC-86 and the hypothetical second establishment factor. The proximal conserved region in the mec-3 promoter is diagrammed (see Fig. 2 ). UNC-86 binds to the gray boxes (Xue et al., 1992 ; this work). The POUS subdomain most likely contacts CAl, while the POU HD contacts AMI (Kissinger et al., 1990; Wolberger et al., 1991; Assa-Munt et al., 1993; Li et al., 1993) . The second CAT is not essential for UNC-86 binding but is important for establishment of mec-3 expression. A second establishment factor could contact the second CAT and activate mec-3 transcription together with UNC-86.
Given the proximity of the UNC-86 binding site and the second CAT sequence, it seems plausible that UNC-86 would bind cooperatively with the factor that binds to the other site. According to this idea, the sequence CATnnGAAA TGCAT would be a single functional unit. The transcription factor that binds to the second CAT sequence could be the hypothetical 'Anterior Daughter Transcription Factor' hypothesized in the Introduction (Fig. 7) . The Prospero homeodomain protein of Drosophila, reviewed in the Introduction, has properties expected for an asymmetric cell division transcription factor, and a similar protein may cooperate with UNC-86 in mec-3 activation. However, it is still possible that some other model of mec-3 promoter function is correct. For example, the second transcription factor could be a DNAbinding protein that is expressed in all cells at all times of development and binds cooperatively with UNC-86, but UNC-86 itself could be differentially modified in anterior and posterior cells. Alternatively, a posterior cell-specific repressor could bind to exactly the same sequences as UNC-86, so that no mutation of the promoter would cause a constitutive phenotype. Within the Brn-3 family, Brn-3a activates transcription, while Brn-3b, which has the same DNA-binding specificity, inhibits transcription and can antagonize Brn-3a (Morris et al., 1994) . To distinguish between such models, it will be necessary to identify the second factor and determine its DNA-binding properties and expression pattern.
Experimental procedures
Plasmid constructions
All plasmids used in this study are derived from pTU28, a mec-3-lacZ fusion plasmid, or pTU48 , which contains the corresponding intact mec-3 sequences (base pairs -3352 to +3760; Fig. 2 ; Chalfie, 1988, 1989) . p~-3352/-2021, p~-3352/-528, p~-3152/-211, p~-2235/-147, and p~-528/-147, are mec-3-lacZ fusions containing deletions of the sequences indicated by their name. p~-3352/-2021 was derived from pTU28 by a deletion from EcoRV (at -3352) to BglII (at -2021) of PTU28. p~-3352/-528 has a deletion from EcoRV to EcoRI (at -528). p~-3152/-211 was generated by deletion of the internal NsiI fragments of pTU28. p~-2235/-147 contains a deletion from the EcoRI (at -2235) to Xbal (at -147); the second Xba site at +468 was first mutated from TCTAGA to TTCAGA by site-directed mutagenesis; these steps were followed by insertion of the 6-kb XhoI-SalI lacZ fragment from PS118 (Silver et al., 1988) in the unique XhoI site at +1658 in the mec-3 homeobox. p~-528/-147 has the deletion from EcoRI (at -528) to Xbal (at -147), which was generated by partial digestion of EcoRI, and digestion of Xbal.
In vitro site-directed mutagenesis was performed on pJW94-327, which was generated by subcloning the EcoRI (at -528) to BamHI fragment of pTU48 to pBluescript KS(+), by the method of Kunkel (1985) . The presence of the desired mutation was confirmed by DNA sequencing. After mutagenesis, the EcoRV (from the polylinker in pBluescript KS[+])-to-BamHI fragment was inserted into the EcoRV-BamHI vector-containing fragment of pTU48, and lacZ from PS 118 was then inserted in the XhoI site at +1658.
C. elegans strains, constructions, transformation, and staining
C. elegans mutants mec-3 (u6amber) and cell-death mutant ced-3(u717) were used in this paper (Ellis and Horvitz, 1986; Chalfie and Au, 1989; Xue et al., 1993) . double mutant was constructed according to Brenner (1974) . All strains were grown at 20°C for staining experiments. The mec-3-lacZ mutant plasmids (50 ng/IlI) were co-injected with 'Twitcher' plasmid pPDlO.41 (50 ng/IlI; Fire et al., 1990) into the gonad syncytium of the adult wild-type animals as described by Mello et al. (1991) . The transformants were then crossed into the mec-3 ced-3 mutant background. C. elegans strains carrying lacZ fusion were stained for 24 h at 37°C according to Way and Chalfie (1989) and Fire et al. (1990) .
Expression and purification of UNC-86 protein and gel mobility shift assays
UNC-86 was expressed from pT7lOlOB, a pET-3a vector (Finney and Ruvkun, 1990) . Induction and purification was performed according to Xue et al. (1992 Xue et al. ( , 1993 and A. Duggan (personal communication). Gel mobility shift assays were done according to Xue et al. (1993) and A. Duggan (personal communication). All oligonucleotides were synthesized by Integrated DNA Technologies, Inc. Each strand of an oligonucleotide was synthesized with CTAGA as a 5'extension and T as a 3' extension, then filled in with dA TP, dTTP, dGTP and alpha-[32P]dCTP using the Klenow fragment of DNA polymerase I. Thus, each oligonucleotide contains a 5 bp extension at each end beyond the sequence shown in Fig.  6 . The Kd of the binding was determined from gel shift assays in which UNC-86 was varied in two-fold increments, as in Fig. 3 , and calculated as described in Verrijzer et al. (1990) . At half-saturation, Kd = P t -Db = P t -O.5D t , in which P t is total protein concentration in the reaction, Db is the concentration of the bound oligonucleotide, and D t the input oligonucleotide. The DNA concentration was 2 X 10-10 M in all reactions. The fraction of UNC-86 protein that was successfully renatured to a DNA-binding conformation was not determined, so the Kd values reported in this work may be overestimated.
